A human homolog (RALY) of the mouse Raly gene was isolated and sequenced, and shown to encode a novel protein isoform containing a 16 amino acid in-frame insert in the variable region of the protein. Analysis of the corresponding region of the mouse Raly gene demonstrated that this novel protein isoform is also present in the mouse. Comparative analysis of RALY cDNA and EST sequences suggests the presence of additional alternatively processed RALY transcripts. As in the mouse, the human RALY gene is widely expressed as a 1.7-kb transcript. ß
The mouse Raly (hnRNP associated with lethal yellow) gene, which was previously isolated and characterized in our laboratory [1] and by others [2] , is closely linked to the agouti gene on chromosome 2. A spontaneous deletion of 170 kb, which includes the entire coding region of the Raly gene, causes the recessive embryonic lethality observed in the mouse mutation, lethal yellow [3] . Raly is a ubiquitously expressed gene of unknown function, which encodes a new member of the heterogeneous nuclear ribonucleoprotein (hnRNP) gene family, and is similar in sequence to human hnRNP C [1, 2, 4] . We were interested in the human homolog of Raly because it could play a similar critical role in human embryonic development. Here we describe the cloning of a human homolog of Raly, di¡erent from previously published forms of the mouse and human Raly proteins, and also describe alternative processing of Raly in the human and mouse.
Using a cross-species hybridization approach, we isolated and sequenced RALY by screening a human testis cDNA library (Clontech) with a 32 P-labeled 5P-non-coding fragment of the mouse Raly cDNA, corresponding to nucleotides 87^169 [1] . The cDNA sequence of human RALY (hRALY, GenBank Accession number AF148457) is 1589 bp long and contains a 306-amino acid open reading frame (ORF) with putative 5P-and 3P-untranslated regions of 298 and 370 bp, respectively. Sequence alignment of this ORF to the predicted mouse Raly (mRaly) protein (PIRMA47318, [1] ) revealed that the human protein has 89% overall identity and 96% similarity, but contains an additional 16 residues inserted in-frame after the ¢rst 109 amino acids (see below). While this work was in progress, the cDNA sequence of the p542 gene, isolated from a human B-lymphoblastoid cell line, was reported [5] . p542 was ¢rst recognized as an autoantigen in individuals infected with the Epstein0 167-4781 / 99 / $^see front matter ß 1999 Elsevier Science B.V. All rights reserved. PII: S 0 1 6 7 -4 7 8 1 ( 9 9 ) 0 0 1 2 6 -8
Barr virus [6] , and later identi¢ed as a human homolog of mRaly due to the great similarity between the two genes [5] . Interestingly, this form of human RALY (p542) also lacks the additional 16 amino acids found in the hRALY isoform reported here. Fig. 1B shows a Clustal W sequence alignment comparison of the human and mouse Raly proteins, and the human and mouse hnRNP C1 and C2 proteins. To avoid confusion, the isoform of human RALY cloned by us is designated as hRALY, whereas the previously cloned isoform is designated as p542. In addition to the 16-amino acid insert in hRALY (double underlined in Fig. 1B ), there are three amino acid di¡erences between hRALY and p542 (marked by colons under the sequence in Fig. 1B ). Compared to hRALY, there is one extra residue in p542 (a serine at position 215 in p542) in the glycine-rich motif, which is the most divergent region between the human and mouse Raly proteins (single underline in Fig. 1B ). There are also two amino acid di¡erences between hRALY and p542 (positions 215 and 216 in hRALY); curiously, these residues are identical between hRALY and mRaly, but di¡erent in p542. These amino acid changes between hRALY and p542 may represent polymorphic di¡erences in the human RALY gene and protein, or di¡erent tissue sources from which the cDNA clones were isolated.
Until recently, hnRNP C-related proteins were traditionally divided into two distinct domains; an Nterminal RNA-binding domain (RBD) and a C-terminal auxiliary domain [7, 8] . The RBD (90^100 amino acids) is a well-characterized domain, evolutionarily conserved from yeast to man, and found in many hnRNPs and other RNA-binding proteins [7] . It assembles into four-stranded antiparallel L-sheets and two K-helices [9] , and was shown to bind poly U tracts in vitro [10] . Most of the similarity between the Raly and hnRNP C proteins lies within this region (V80% identity). The structure and function of the auxiliary domain (about 200 amino acids) are not well known. Four distinct regions within the auxiliary domain of hnRNP C were revealed recently [11, 12] (Fig. 1A) . Following the RBD, there is a region called variable due to the high degree of variability in the length of this region. Next, there is a region consisting mostly of basic residues (basic region), and a leucine zipper motif that is characterized by the presence of hydrophobic residues at every seventh position and also at the fourth position. The basic region and the leucine zipper in hnRNP C are similar in organization to the basic leucine zipper motif of DNA-binding proteins and have been suggested to function as a novel RNA-binding motif [12] . The C-terminal region of the hnRNP C proteins is rich in acidic residues (acidic region). Although this region does not show a great deal of sequence identity between the Raly and hnRNP C proteins, suggesting a di¡erent function for these two groups of proteins, the Raly proteins do have numerous acidic residues in this region, many of which are identical between the Raly and hnRNP C proteins. There is a glycine^serine-rich stretch within the C-terminal regions of the Raly proteins (33 residues in mRaly, and 27 and 28 residues in hRALY and p542, respectively; single underline in Fig. 1B ), which is absent in the hnRNP C proteins. The 28 amino acid region of p542 was identi¢ed as a cross-reactive epitope in autoimmune diseases [6] .
As can be seen in Fig. 1B , the 16-amino acid inframe insert that is alternatively processed in the hRALY protein (double underlined) is located within the variable region, at the same location where the hnRNP C1 and C2 proteins di¡er by the 13-amino acid insert in C2. Therefore, not only do RALY and hnRNP C have considerable sequence similarities, but they are also processed in a similar manner. The insertion of small peptides in hnRNP proteins by alternative splicing might be a general mechanism for diversi¢cation among hnRNPs. For example, two other members of the hnRNP family, the A2 and B1 proteins, also di¡er by only a 12-amino acid insert in B1 [4] .
Because hRALY and p542 appear to be two isoforms of the same protein, we were interested in determining if the mRaly protein is also alternatively processed, with a 16-amino acid insert in the same region of the protein. To this end, we performed reverse transcriptase-polymerase chain reaction (RT-PCR) analysis [1] across this region of the mouse mRNA, using RNA from several di¡erent tissues. Two primers were used (Fig. 1C ) that should amplify a 244-bp fragment from the previously published mRaly isoform (GBML17076, [1] ). If the mRaly gene also contains a 16-amino acid insert, we would expect to identify PCR fragments of 244 and 292 bp in length. As shown in Fig. 1C , in addition to a 244- Fig. 1 . Isoforms of the human and mouse Raly and hnRNP C proteins are derived by peptide insertion in the variable region. (A) Domain structure of hnRNP C-related proteins [11, 12] . Residues at the beginning and end of each region correspond to hnRNP C2, as previously described [11] . (B) Clustal W sequence alignment of human RALY (hRALY in this report, AF148457; and p542, GBMAAC28898 [5] ), mouse Raly (mRaly, PIRMA47318 [1] ), human hnRNP C2 and C1 (hhnRNPC2, SPMP07910 and hhnRNPC1, PIRMA26885 [4] ), and mouse hnRNP C1/C2 (mhnRNPC1/C2, GBMAAD03717, D.J. Williamson, J. DeGregori, H.E. Ruley, direct submission to GenBank). Residues identical in all sequences are marked by asterisks under the sequence. Residues re£ecting conservative changes are indicated by dots under the sequence. Gaps are represented by dashes between the residues. The 16-amino acid in-frame insert that is alternatively processed in the hRALY protein is double underlined. The three amino acid di¡erences between hRALY and p542 are marked by colons under the sequence. The glycine^serine-rich region within the C-terminal regions of the Raly proteins is single underlined. (C) RT-PCR analysis of mouse testis RNA for the presence of the alternate Raly transcript with an in-frame insert in the variable region. Fragment sizes are shown in basepairs (bp) to the right of the ethidium bromide-stained gel. Primers used: 5P-TGTCCAGTATGCCAATGAGC-3P (forward), corresponding to nucleotides 438^457; and 5P-GCGAACCAAAGGGACTGTAA-3P (reverse), nucleotides complementary to 662^681 (GBML17076, [1] ). (D) Predicted amino acid sequence of the mRaly 16 amino acid insert compared to the corresponding insert in hRALY. bp fragment, a second larger fragment was observed in mouse testis RNA. The same results were also obtained for mouse brain and lung RNA (not shown). Sequencing con¢rmed that the larger fragment had an additional 48 nucleotides (GenBank accession number AF148458) that encode an additional 16 amino acids in mRaly, exactly in the same place as in the hRALY protein. Fig. 1D shows the predicted amino acid sequence of the mouse insert in comparison to the corresponding insert in hRALY. Therefore, in addition to the previously described alternative splicing of 83 bp of sequence in the 5P-untranslated region of the mRaly transcript [1, 2] , another form of alternative processing of Raly is demonstrated here for both the human and mouse genes, involving an in-frame inclusion of 16amino acids in the variable region of the protein.
A search of GenBank for RALY expressed sequence tag (EST) sequences that span the variable region con¢rmed the presence of both isoforms in human ESTs. For example, clones from human testis (GBMAA431687), pancreas (GBMAA186593) and Jurkat T-cell libraries (GBMAA305850) were found to contain the 16-amino acid insert, whereas a clone from a foreskin melanocyte cDNA library (GBMN48385) contained the RALY isoform without the insert (Fig. 2) . Interestingly, there was one RALY EST (GBMH46063) from a human adult brain library that splices out 87 bp of DNA, resulting in the removal of the alternative 16 amino acids, as well as the next 13 residues in the deduced protein sequence of hRALY (Fig. 2) . It is not clear from one clone whether or not this EST represents a legitimate transcript. However, it is worth noting that, in addition to this clone, there are other unique RALY EST sequences, at least suggesting the possibility of additional alternatively processed RALY protein isoforms (Fig. 2) . For example, a kidney tumor EST (GBMAI308957) has sequence corresponding to nucleotide 885 of hRALY cDNA spliced to nucleotide 1187, resulting in the removal of coding sequence for half of the leucine zipper and most of the C-terminal acidic regions of the protein. In another clone (GBMAA504617) from a germinal center B-cell library, hRALY nucleotide 794 is spliced to nucleotide 1282, resulting in the removal of coding sequence for half of the basic domain, all of the leucine zipper region and the acidic C-terminus, including the stop codon (nucleotides 1217^1219). Skipping the stop codon results in the continuation of the ORF and an additional 29 amino acids (the EST sequence does not contain any in-frame stop codon) that are rich in proline residues. Similarly, an EST clone (GBMAI279899) from a placenta library contains a 36-bp inversion around the stop codon (nucleotides 1207^1242 of hRALY cDNA), resulting in the removal of the stop codon and the addition of 66 amino acids that are rich in proline residues (as in the Bcell clone above; Fig. 2 ), before reaching a new inframe stop codon. Again, additional experimentation would be needed to determine the validity of these apparently new transcripts and their functional sig-ni¢cance. Proline-rich peptides have been shown to be involved in protein^protein interactions, especially with Src homology 3 (SH3) and WW domains present in a number of signaling and regulatory proteins [13, 14] .
As previously shown for the mRaly gene [1, 2] , hRALY is widely expressed as an V1.7-kb transcript. Fig. 3 shows a poly A RNA Northern blot of various human tissues (Clontech) hybridized with the 32 P-labeled full-length RALY cDNA clone. A transcript size of V1.7 kb is consistent with the 1589-bp cDNA clone, plus a poly A tail of approximately 100 bases. The two RALY transcripts di¡er in size by only 48 bases (that encode the 16 amino acid insert in the protein) and are therefore seen to co-migrate on the Northern blot. An additional hybridizing fragment, slightly larger than 4.4 kb in size and co-migrating with 28S RNA, may represent cross-hybridization to 28S, partially processed RALY message, or another, as yet unidenti¢ed, RALY transcript. The p542 gene was reported to be expressed as a single 4.4-kb transcript in three B-cell lines, one T-cell line, and in HeLa (epithelial) cells [5] . The authors did not report hybridization of the p542 probe to a 1.7-kb transcript in these cell lines. If these cell lines do not express the prominent 1.7-kb RALY message, it would indicate that this RALY message is not necessary for cell viability.
Human RALY (p542) has been mapped by the International RH Mapping Consortium to chromosome 20, within the reference interval 39.95 0.2 cM (http://www.ncbi.nlm.nih.gov/genemap/loc. cgi?ID = 30442), close to the human AGOUTI gene (reference interval 50.2^54.9 cM; http://www. ncbi.nlm.nih.gov/genemap/loc.cgi?ID = 30442), which is consistent with the large region of syntenic homology between distal mouse chromosome 2 and human chromosome 20q.
The work presented here has demonstrated that both the human and mouse Raly genes are alternatively processed to generate at least two protein isoforms that are similar in both overall sequence and processing compared to the hnRNP C proteins. As expected, the hRALY gene is widely expressed as a 1.7-kb message. In general, the hnRNP proteins appear to be modular in nature, with multiple functional domains. Recent data on the hnRNP C proteins are beginning to elucidate the potential functional roles of these various domains [12, 15] . The generation of targeted mutations within speci¢c functional domains of the mRaly gene, and other hnRNP genes, is one approach that may provide signi¢cant insight into the in vivo function of these domains.
